[1] A simplification of a dust emission scheme is proposed, which takes into account of saltation bombardment and aggregates disintegration. The statement of the scheme is that dust emission is proportional to streamwise saltation flux, but the proportionality depends on soil texture and soil plastic pressure p. For small p values (loose soils), dust emission rate is proportional to u * 4 (u * is friction velocity) but not necessarily so in general. The dust emission predictions using the scheme are compared with several data sets published in the literature. The comparison enables the estimate of a model parameter and soil plastic pressure for various soils. While more data are needed for further verification, a general guideline for choosing model parameters is recommended.
Introduction
[2] A challenge in dust modeling is to predict the emission rate of fine particles in all size groups. Efforts have been made in recent years to develop physically sound yet simple dust emission schemes for the purpose [e.g., Shao et al., 1993; Marticorena and Bergametti, 1995; Shao, 2001; Alfaro and Gomes, 2001] . The main mechanism for dust emission is widely considered to be saltation bombardment and aggregates disintegration. Dust emission schemes based on this understanding has the following form
whereF is dust emission rate for the ith particle group of size d i generated by the saltation of particles of size d s , a is a coefficient depending both on d i and d s . Empirical expressions based on wind tunnel experiments have been proposed and the order of magnitude of a is 10 À5 m À1 [Shao et al., 1996; Gomes et al., 2003] . Embedded in a are two quantities key to dust emission, one is the impact kinetic energy of saltation particles and the other is the binding energy of dust particles, y [Shao et al., 1993] . Unfortunately, y is difficult to measure.
[3] Shao [2001] proposed a dust emission scheme, taking into account three dust emission mechanisms including aerodynamic entrainment, saltation bombardment, and aggregates disintegration. Binding energy is eliminated from the scheme, replaced by measurable quantities. The main outcome of that paper is equation (52), which was somewhat complicated to use in practice. In this study a simplification of the dust emission scheme is proposed, which is then compared with the measurements of Gillette [1977] , Nickling [1983] , Nickling and Gillies [1993] , Nickling et al. [1999] , Rajot et al. [2003] and Gomes et al. [2003] . The comparison enables an estimate of the parameters required for dust emission modeling.
Scheme Simplification
[4] For a given soil, we distinguish two particle-size distributions: the minimally disturbed soil particle-size distribution, p m (d), and the fully disturbed soil particlesize distribution, p f (d). The phrase ''minimally disturbed'' refers to the limiting case in which the disturbance is so weak that the breakup of aggregates does not occur, and the phrase ''fully disturbed'' refers to the limiting case in which all aggregates break up into their fundamental particle sizes. The mass fraction of free dust for a unit soil mass can be estimated from
where d d is the upper limit of dust particle size. This fraction of dust has low enough cohesive forces so that it can be easily lifted from the surface by either aerodynamic forces or mechanical abrasion. Equation (2) provides an estimate for the minimum amount of dust that can be emitted from a unit soil mass in a wind-erosion event.
[5] Depending on the soil type, there is usually a larger amount of dust which is not ''free'' but contained in aggregates and can be released only through mechanical JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 109, D10202, doi:10.1029 /2003JD004372, 2004 Copyright 2004 by the American Geophysical Union. 0148-0227/04/2003JD004372$09.00 destructions. The fraction of aggregated dust in a unit soil mass is
where
In equation (3), h f is the sum of the free and the aggregated dust, that is, the total fraction of dust which can be released from an unit soil mass,
Equation (4) provides an upper limit for dust emission that is possible from an unit soil mass.
[6] It is also desirable to estimate the fraction of dust for a given particle-size range. Suppose the particles are divided into I particle-size bins, each with a mean value d i and an increment Dd i . For each bin the free dust fraction, h mi , the aggregated dust fraction, h ci , and the total dust fraction, h fi , can be estimated from
etc. The following relationship applies
Equation (52) of Shao [2001] can be written more simply as
where c y is a dimensionless coefficient and g is a function specified as
Q is the streamwise saltation flux of d s ; g is acceleration due to gravity and u * is friction velocity; s m is the ratio between m (mass of impacting particle) and m W (mass ejected by bombardment), i.e.,
which can be interpreted as bombardment efficiency; s p is free dust to aggregated dust ratio, i.e.,
Equation (6) can also be written as
If h mi ( h fi , Equation (8) is further simplified tõ Table 1 for references. [7] For given soil texture and friction velocity it only requires the estimate of s m to computeF. Lu and Shao [1999] derived an expression for the volume removed by an impacting saltation particle, W. If the particle impact angle is set to 15°, we have
where b = ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi 2pd s =m p and p is soil plastic pressure, r p is particle density, U is particle impact velocity and a 0 impact angle which is set to 15°. Since m W = r b W with r b being soil bulk density, U is around 10u * and r p /r b is around 2.6 (assuming r p = 2600 kg m À3 and r b = 1000 kg m
À3
, we obtain
[8] In summary, the dust emission scheme is given by equations (6), (7), and (11). It states that dust emission is proportional to saltation mass transport, but the proportionality depends on soil texture and soil plastic pressure. We point out the following:
[9] 1. The dependence ofF on soil texture is reflected in h fi and h mi . For soils which have no dust, dust emission is not possible.
[10] 2. The value of g falls between 0 and 1. This implies that aggregated dust is released only during strong erosion events as u * ) u * t and g ! 0; for weak erosion events, g ! 1, only the emission of free dust is possible.
[11] 3.F depends on s m , which is determined both by saltation impact and soil binding strength (may or may not be the same as that of aggregates). The data of Rice et al. [1995] suggest that s m associated with a 275 mm particle and a 4 ms À1 impact velocity varies from 0.076 for crusted soil to 10.5 for unaggregated soil. Equation (11) is not an explicit function of d s , although s m does depend on d s through U as sand particles of different sizes have different impact velocities. However, by assuming U = 10u * , we have neglected this dependency in equation (11).
[12] 4. The scheme requires specifying p which, on the basis of the penetrometer resistance measurements of Rice et al. [1997] , varies between 10 3 Pa for light spray fine soil and 10 7 Pa for deep wetted soil. Consequently, dust emission is expected to vary significantly with soil surface conditions. This is confirmed by the large scatter among the observed dust emission shown in Figure 2 . For p ! 3e + 5 Pa, s m becomes negligibly small (<0.1) under normal wind conditions, implying that saltation bombardment is insignificant in such circumstances and aggregates disintegration is the main mechanism for dust emission. Depending on p, there are two limiting expressions for equation (6) or (8), i.e.,
The latter expression indicates that dust emission can be proportional to u * 4 , as argued by Gillette and Passi [1988] and Nickling et al. [1999] . However, this is not necessarily so in general, as observations also often show.
[13] For the comparison presented in the next section, dust emission rate is calculated using equation (6) and Q using the equation of Owen [1964] . Note that the model presented in this paper is a spectral dust emission model, i.e., it can be used to estimate the rate of dust emission from any given particle size range. The dust emission from bin i is given by
where d 1 and d 2 define the lower and upper size limit for saltating particles. Unfortunately, there is no measured data of dust emission for individual dust bin. In the next section we compare the predicted total dust emission rate F (for d 40 mm) with the observations, which is estimated as follows
[14] The United States Department of Agriculture (USDA) soil texture classes are used. Ideally, soil samples should be collected and analyzed to estimate p m (d) and p f (d) for each soil class, but we do not yet have a full dataset as such. The particle size distributions, p m (d) and p f (d), are regarded as a composite of several log-normal distributions, e.g.,
where J is the number of modes, w j is the weight for the jth mode of the particle size distribution, D j and s j are parameters for the log-normal distribution of the jth mode. These parameters are obtained by fitting equation (15) to some measured particle size data provided by G. H. McTainsh. The parameters for several soil types are given in Table 1 .
[15] The input physical quantities and soil parameters required for the scheme are (1) u * , which is friction velocity and threshold friction velocity for the Aeolian surface, u * t ; (2) p m (d) and p f (d), which are the minimally and fully disturbed particle-size distribution, respectively; (3) r p , which is soil bulk density; and p, which is soil plastic pressure. The following steps are taken to estimate dust emission: (1) divide sand particles into K groups and estimate sand drift intensity Q k for the kth group; (2) divide dust particles into I bins and for each bin, determine h fi and s p ; (3) evaluate equation (11) for s m and equations (6) and (13) for dust emission rate the ith dust bin; and (4) evaluate equation (14) for total dust emission rate.
Comparison With Observed Dust Emission
[16] We now compare the prediction of dust emission using equation (6) against observations. The comparison also enables the estimates of c y and p for practical use. Several data sets have been published in the literature, as summarized in Table 2 . The observations from these studies are shown in Figure 2 . As seen, for given u * , dust emission varies from 10 À1 to 10 5 mg m À2 s À1 , indicating that dust emission depends strongly on soil type and soil surface conditions.
[17] For each experiment listed in Table 2 , a soil type and a u * t are selected according the experiment descriptions in the relevant references (not always easy). The value of c y is initially fixed to 1e-5, p is adjusted until a plot of ln F against ln u * shows the desired slope. Then, c y is adjusted to obtain a good fit. The results are summarized in Table 3 .
Texas Data
[18] Figure 3 shows the comparisons of predicted Q and F against observed Q and F for sandy (Gillette soil 1, 2, 4, and 5) and loamy (Gillette soil 3) soils. For both cases the predictions are in good agreement with the observations. The loamy soil shows an exceptionally small p. Comparisons are also made for Gillette soil 6 and 9 but are not shown due to very small number of data points.
Yukon, Mali, and Diamantina Data
[19] Dust emission observed at Yukon shows very high values when compared with other measurements. The model predictions obtained using c y = 3e-4 and p = 2000 to 5000 Pa fit to the observations reasonably well. Nickling and Gillies [1993] and Gillies et al. [1996] published a fair amount of measurements of dust emission from various soil surfaces. Unfortunately, the data set cannot be fully utilized in this study for model comparison because there is insufficient information for u * t and Q. According to Gillies et al. [1996] , u * t is likely to be around 0.2 ms À1 . Figure 4 shows the comparison of observed and predicted F with p = 30,000 Pa and c y = 1e-5. If particle size data for sand, loam, and clay are used, then very different predictions are obtained. In the observations, there is a group of data points near u * = 0.2 ms
À1
. Nickling and Gillies [1993] pointed out that these data points are related to background dust. Therefore they should be excluded from comparison.
[20] Figure 5 is the comparison of predicted Q and F with the observed Q and F at Diamantina. The agreement is good. According to Nickling et al. [1999] , the observations included several measurements which were associated with nonlocal events.
Spain and Niger Data
[21] The comparisons for the Spain and Niger data sets are shown in Figures 6 and 7 , respectively. According to Gomes et al. [2003] , the observed erosion events appear to be source limited. For such cases, Q is difficult to predict unless u * t (or K in the work of Gomes et al. [2003] ) is treated as a function of time. As can be seen from Figures 6a and 6b, the prediction of Q and consequently that of F are indeed problematic. We can however use observed Q in equation (6) to predict F and compare the predicted F with the observed F. The results are shown in Figure 6c for the Spain data set and in Figure 7c for the Niger data set. Figures 6c and 7c show the agreements are satisfactory.
Conclusion
[22] A simple spectral dust emission scheme has been proposed which enables the calculation of dust emission for all particle sizes. The physical basis of the scheme is that dust emission is generated by saltation bombardment and aggregates disintegration and hence dust emission rate is proportional to streamwise saltation flux. However, the proportionality depends on soil texture and plastic pres- [23] The predicted dust emission rate using the scheme is compared with observed data for various soil texture and surface conditions. It can be concluded that the scheme is, although simple, sufficiently general and has the capacity to predict dust emission rate from various soils, if adequate parameters are provided. It is found that c y falls between 1e-5 and 5e-5 and p falls between 1000 and 50,000 Pa. The p values estimated in this study are comparable with the mean maximum penetration pressure of Rice et al. [1997] . (In hindsight, the p values used by Lu and Shao [1999] for comparison with the Texas data set are probably too large and unrealistic because the dust emission scheme proposed in that paper does not include aggregates disintegration. Further, the c y values are found to be much smaller than the theoretic value of 0.1 given by Shao [2001] .) Loose surfaces have small, while hard crusted surfaces have large p values. For p ! 3e + 5 Pa, dust emission becomes independent of p. As a general guidance until more data become available for further verification, we suggest c y % 5e-5 and p % 1000 to 5000 Pa for loose sandy soils and c y % 1e-5 and p % 30000 to 50000 Pa for clay soils.
